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The proteolytic cascade of the complement system
is initiated when pattern-recognition molecules
(PRMs) bind to ligands, resulting in the activation
of associated proteases. In the lectin pathway
of complement, the complex of mannan-binding
lectin (MBL) and MBL-associated serine protease-1
(MASP-1) initiates the pathway by activating a sec-
ond protease, MASP-2. Here we present a struc-
tural study of a PRM/MASP complex and derive the
overall architecture of the 450 kDa MBL/MASP-1
complex using small-angle X-ray scattering and elec-
tron microscopy. The serine protease (SP) domains
from the zymogen MASP-1 dimer protrude from the
cone-likeMBL tetramer and are separated by at least
20 nm. This suggests that intracomplex activation
within a single MASP-1 dimer is unlikely and instead
supports intercomplex activation, whereby the
MASP SP domains are accessible to nearby PRM-
bound MASPs. This activation mechanism differs
fundamentally from the intracomplex initiation
models previously proposed for both the lectin and
the classical pathway.
INTRODUCTION
The immune system is based on complex interactions between
cell-surface-bound and soluble proteins. The immediate
response to a microorganism penetrating the mechanical bar-
riers is provided by the innate immune system, which also per-
forms housekeeping functions such as removal of altered cells.
An essential branch of the innate immune system is the comple-
ment system comprising more than 50 soluble and cell-bound
proteins, which recognize and fight the microorganisms by initi-
ating inflammatory responses and tagging themicroorganism for
phagocytosis or direct lysis (Ricklin et al., 2010). Activation of342 Structure 23, 342–351, February 3, 2015 ª2015 Elsevier Ltd All rcomplement may accompany inflammatory reactions and un-
derlie many chronic inflammatory diseases (Ricklin and Lambris,
2013).
The complement system is subdivided into three pathways
known as the classical, alternative, and lectin pathways; the
latter is the subject of this study. The lectin pathway is initiated
by the recognition of foreign ligands or altered self-surfaces by
distinct pattern-recognition molecules (PRMs). Serine proteases
(SPs) associated with the PRMs convey recognition by cleaving
downstream complement factors, thereby activating the com-
plement system. The C1 complex of the classical pathway func-
tions in a similar manner but bridges the adaptive and the innate
system through its binding to immunoglobulins G and M of
immune complexes. The alternative pathway functions as an
amplification loop, potentiating the activation from the two other
pathways, but may also start complement activation indepen-
dently by deposition of activated fragments on surfaces lacking
complement regulatory molecules (Ricklin et al., 2010).
The ficolins (M-ficolin, L-ficolin, and H-ficolin, also termed
ficolin-1, ficolin-2, and ficolin-3), and the collectins mannan-
binding lectin (MBL), collectin-K1 (CL-K1, collectin11), and col-
lectin-L1 (CL-L1, collectin 10) are thePRMsof the lectin pathway,
while C1q is the only PRM of the classical pathway (Degn and
Thiel, 2013; Ricklin et al., 2010). Associated with the lectin
pathway PRMs are three SPs (MBL-associated serine protease
1 (MASP-1),MASP-2, andMASP-3) and twononenzymatic asso-
ciated proteins, MAp44 and MAp19 (Degn et al., 2009), whereas
C1q of the classical pathway associates with the two SPs C1r
and C1s in a 1:2:2 ratio (Gaboriaud et al., 2004). In contrast to
the defined hexameric structure of C1q, the PRMs of the lectin
pathway have a diverse range of oligomeric structures. The
MBLpolypeptide chain is composedof anN-terminal region con-
taining three cysteines involved in oligomerization, a collagen-
like region involved in interaction with the MASPs and the
MAps, and a C-type carbohydrate recognition domain (CRD)
(Figure S1A available online). Trimerization of three MBL poly-
peptide chains is mediated through the a helices of the CRD
neck region, triple-helix formation by the collagen region, and
disulfide bridges between cysteines in the N-terminal part
(Figure S1A). Such subunits oligomerize into higher oligomersights reserved
Figure 1. Lectin Pathway Overview and
MBL/MASP-1 Complex Generation
(A) Zymogen MASP-1 autoactivates (thin dashed
arrow). Activated MASP-2 (marked by an asterisk)
cleaves C4 and C4-bound C2, generating the C3
convertase, C4bC2a, while activated MASP-1
contributes by cleavage of C4-bound C2 and
further activates zymogen MASP-1 and MASP-2
(thick dashed arrows). The C3 convertase C4bC2a
cleaves C3 and the resulting C3b fragment
initiates the downstream alternative pathway
amplification loop, ultimately leading to assembly
of the C5 convertase and membrane attack
complex.
(B) Size-exclusion chromatography of MBL,
MASP-1, and their complex (100 ml of each) show
different retention volumes.
(C) Preparative size-exclusion chromatography of
the complex. Fractions between the dotted lines
were pooled for SAXS measurements.
(D) Silver-stained SDS-PAGE gel. Lane 1 shows
nonreduced MBL, lane 2 the nonreduced
MASP-1, lane 3 the nonreduced complex, and
lane 4 the reduced complex. The reduced MBL
polypeptide chain runs correspond to about
30 kDa, whereas the reduced MASP-1 runs
correspond to about 80 kDa, slightly higher
compared with the nonreduced MASP-1 (lane 2).
See also Figure S1.(Holmskov et al., 2003) and serumMBL ismainly composedof tri-
mers and tetramers of these trimeric subunits. Hence, the MBL
tetramer containing 12 chains has an approximate molecular
mass of 300 kDa (Teillet et al., 2005). Electron microscopy (EM)
(Lu et al., 1990), atomic force microscopy (Jensenius et al.,
2009), and small-angle X-ray scattering (SAXS) studies (Gjelstrup
et al., 2012; Miller et al., 2012) have suggested structures of MBL
without associated MASPs. The three MASP molecules all have
the same domain organization, which is identical to that of C1r
and C1s. The first three domains are composed of a C1r/C1s,
urchin-epidermal, bone morphogenetic protein (CUB) domain
(CUB1), followed by an epidermal growth factor (EGF) domain
and a second CUB domain (CUB2). This CUB1-EGF-CUB2
segmentmediates dimerization of theMASPs and the interaction
with the collagen helices of the PRMs. The following complement
control protein (CCP) domains (CCP1 and CCP2) present the
C-terminal catalytic SP domain. In MASP-2 the CCP domains
present a crucial exosite interacting with complement factor 4
(C4) (Kidmose et al., 2012; Kjaer et al., 2013) (Figure S1B). The
calculatedmolecular mass of anMASP-1 dimer is 154 kDa, lead-
ing to an approximate mass of 450 kDa for a complex between
tetrameric MBL and dimeric MASP-1. By combining the crystal
structure of MAp44 comprising the first four domains of
MASP-1 and MASP-3 (Skjoedt et al., 2012) with the structures
of the CUB-EGF-CUB dimer (Teillet et al., 2008) and of CCP1-
CCP2-SP (Megyeri et al., 2013), a model of full-length dimeric
MASP-1 can be suggested (Kjaer et al., 2013). Crystal structures
of CUB domains in complex with collagen-mimicking peptides
have provided convincing models for the Ca2+ dependent asso-Structure 23, 34ciation between the collagen stem and CUB domains (Gingras
et al., 2011; Venkatraman Girija et al., 2013).
MASP-1 holds a key position in the initiation of the lectin
pathway, where it acts as activator of MASP-2 (Degn et al.,
2012; Heja et al., 2012). ZymogenMASP-1 is able to autoactivate
and the activated form of MASP-1 is able to activate zymogen
MASP-2 (Figure 1A). Upon activation, MASP-2 cleaves C4 and
C4-bound C2, thereby initiating the complement cascade. Acti-
vatedMASP-1 also contributes by cleaving C4-bound C2 and by
activation of zymogen MASP-1 (Figure 1A). The role of MASP-1
in cleavage of MASP-2 suggests analogy to the functions of C1r
andC1s of the classical pathwaywhere a conformational change
in C1q upon ligand binding results in autoactivation of C1r, with
subsequent activation of C1s by C1r (Gingras et al., 2011; Wallis
et al., 2010). However, considerable differences are present, as
C1q is built from three nonidentical polypeptide chains and the
associated SPs C1r and C1s form a stable tetrameric complex,
while an MASP-1/MASP-2 tetramer has never been observed.
We have recently challenged the concept of the similarity be-
tween the activation of the two pathways and have suggested
a clustering-based mechanism for the lectin pathway where
juxtaposition of distinct PRM/MASP complexes on ligand sur-
faces drives activation (Degn et al., 2014). This and the lack
of structural information concerning PRM/MASP complexes
prompted us to investigate the architecture of MBL in complex
with dimeric MASP-1. Through SAXS and EM we find that the
catalytic domains of the MASP-1 dimer are exposed and pro-
trude from the MBL collagen stems, allowing for interaction
with the MASP in nearby MBL/MASP complexes.2–351, February 3, 2015 ª2015 Elsevier Ltd All rights reserved 343
Figure 2. SAXSMeasurements on the Com-
plex between Tetrameric MBL and Dimeric
MASP-1
(A) Closed circles represent the scattering in-
tensity as a function of the scattering vector
modulus, s. The solid line shows the fitting of the
experimental data from indirect Fourier trans-
formation using a Dmax of 33 nm.
(B) Pair distribution function p(r) of the complex
plotted against the distance r.
(C) Guinier plot (ln(I(s)) as a function of s2), showing
the linear Guinier region ranging from 0.0018 to
0.012 nm2. Residuals are shown in the inset.
(D) Kratky plot showing the scattering intensity,
I(s), multiplied by s2, as a function of s. See also
Table S1.RESULTS
SAXS Measurements of the MBL/MASP-1 Complex
To obtain a predominantly tetrameric MBL preparation, affinity-
purified rMBL was further fractionated by polyethylene glycol
precipitation and ion-exchange chromatography in the presence
and absence of calcium ions. The active serine residue in the
catalytic triad of MASP-1 was mutated to alanine to prevent
MASP-1 autoactivation. A complex between mainly tetrameric
rMBL and MASP-1 was formed with an excess of MASP-1.
This resulted in slight precipitation, but the supernatant con-
tained the complex eluting in a single, monodisperse symmetric
peak on size-exclusion chromatography distinguishable from
free MASP-1 and free MBL (Figures 1B and 1C). As expected,
we did not observe any activation or degradation products of
MASP-1 (Figure 1D), hence all our MASP-1 was present as a
pseudo zymogen. The proportion of tetramericMBL in the result-
ing complex was approximately 75%while the trimeric and pen-
tameric forms contributed roughly equally to the remaining 25%
(Figure S1C).
We performed SAXS measurements at the PETRA P12 beam-
line on samples containing theMBL/MASP-1 complex at a range
of concentrations (Table S1). We generated a merged data set
where the low-s range (sbeing themodulus of the scattering vec-
tor) is selected from measurements at 0.56 mg ml1, and the
high-s range is selected from measurements at 3.31 mg ml1
(Figure 2A). From the pair-distance distribution function p(r), a
maximum diameter (Dmax) of 33 nm was estimated (Figure 2B).
The slightly extended tail of the p(r) function could indicate a
minor polydispersity or a small degree of association. One
possible source of polydispersity is that the contamination with
trimeric and pentameric MBL is also capable of binding
MASP-1. The indirect Fourier transformation of the experimental
data for 33 nm as Dmax fits with the experimental data (solid line
in Figure 2A). Sample aggregation in the merged data set was
excluded based on a Guinier plot (Figure 2C) showing a linear
slope from 0.043 to 0.11 nm1. A Kratky plot (s2 3 I(s) versus s344 Structure 23, 342–351, February 3, 2015 ª2015 Elsevier Ltd All rights reservedplot) of the data shows several peaks in
the range s = 0.04–2.2 nm1, followed
by a decrease to a noisy plateau at
s = 2.5–4.5 nm1 (Figure 2D). The peaks
show that the complex has well-foldedglobular structures in a defined assembly. As there is a decrease
to a lower plateau at high s, we conclude that the complex has
modest flexibility.
CORAL Modeling of the MBL/MASP-1 Complex
Tomodel the solution structure of theMBL/MASP-1 complex, we
used CORAL (Petoukhov et al., 2012) to perform rigid body opti-
mizing of three different starting models derived from our prior
general model for MBL/MASP complexes (Kjaer et al., 2013)
against the experimental SAXS data. In starting model 1, the
MASP-1molecules are protruding horizontally from the vertically
oriented MBL tetramer, and the 3-fold axis of the MBL CRDs
follow the direction of the MBL collagen stems (Figure 3A). Ten
independent CORAL runs gave similar structures with three
main classes (Figures S2 and S3). In the resulting models the
12 3 21 N-terminal residues of MBL, added as connected
dummy residues by CORAL, are typically merged into an elon-
gated cylinder spanning 40–50 A˚. The CRDs always adopted a
tilted configuration in comparison with the direction of the
collagen stems, with a typical angle of 45 between the CRD
3-fold axis and the collagen stems. One structure from the
main class is shown in Figures 3B and 3C,whereMASP-1 adopts
an overall planar conformation and a conformation of the CUB2-
CCP1 domains similar to that in the crystal structure of MAp44
(Skjoedt et al., 2012). Overall, the MASP-1 dimer attains a more
curved conformation compared with our previous model (Kjaer
et al., 2013), which is also observed for the solution structure of
MASP-1 (see below). The maximum intramolecular dimension,
corresponding to the maximum distance between the two SP
domains, was found to be 297 A˚, while the alanine, substituted
for the active-site serine, of the first MASP-1 monomer and the
activation site (Arg448-Ile449) on the second MASP-1 monomer
were separated by 265 A˚ (Figure 3B). The corresponding fit of
the calculated scattering curve of the rigid body model to the
experimental scattering data is shown in Figure 3D.
To rule out that starting model 1 biased our resulting model
and to investigate whether the MBL/MASP-1 complex possibly
Figure 3. Rigid Body Refinements with Different Starting Models of the MBL/MASP-1 Complex Reach Similar Endpoints
(A) Starting model 1 with MASP-1 protruding out from the MBL tetramer.
(B–D) Side view (B), top view (C), and the corresponding experimental fit (c = 1.52) (D) of one CORAL endpoint from the main class using the starting model in (A).
Note the dummy atoms added by CORAL at the top of MBL.
(E) Starting model 2 with MASP-1 hidden under the legs of MBL in a closed conformation.
(F–H) Side view (F), top view (G), and the corresponding experimental fit (c = 1.42) (H) of the best-fitted CORAL endpoint using the starting model in (E). The
position of the active-site serine (here substituted for alanine) on the left MASP-1 monomer in Figure 2B is indicated by an asterisk and the activation site on the
right MASP-1 monomer is indicated by a hash. See also Figures S2–S4.could adapt a closed conformation as previously suggested
(Wallis et al., 2010), our starting model 2 had the MASP-1
CCP2 and SP domains tucked away below the collagen stems
of MBL (Figure 3E). However, during rigid body optimization,
the MASP-1 dimer ended in a roughly horizontal arrangement
overall, similar to the one obtained with starting model 1, with
the exception that the MASP-1 SP domains tended to bend
toward the MBL CRDs (Figures 3F and 3G). This behavior of
the SP domain was possible due to the extra degree of flexibility
introduced between the SP and CCP2 domain during refinement
with this starting model to prevent any model bias. From ten in-
dependent CORAL runs (Figures S2 and S3), the best fit to the
experimental data was thus similar to that seen for the open
starting model 1 (Figure 3H).
A possible kink in the MBL collagen stalk, resulting from the
incomplete eighth Gly-X-Y repeat, was considered in our starting
model 3. This resulted in a more angled conformation of the
collagen stems located after the kink in comparison with the
starting models with straight collagen stems (Figure S4). Dis-
tance restraints were implemented to prevent the crossover of
the collagen segments located before the kink. Rigid body
refinement of starting model 3 gave a main class similar to the
main classes when modeling using the starting models with
straight collagen stems but with poorer experimental data fits
(Figures S2–S4). A single solution using this third starting model
resembled a closed conformation qualitatively similar to that of
our starting model 2 but this solution gave the worst fit to our
experimental data (Figures S2 and S3). In summary, our rigid
body refinements revealed an architecture consisting of the
nonactivated MBL/MASP-1 complex in solution with the twoStructure 23, 34SP domains widely separated in an exposed location and with
the CRDs kinked relative to the collagen stems.
Electron Microscopy
To obtain structural information on the MBL/MASP-1 complex
complementary to that provided by SAXS, we investigated the
complex using EM of negatively stained samples followed by
reference-free computation of class averages. No symmetry
was assumed during image processing. The adsorption onto
carbon film of the MBL/MASP-1 complex appeared to favor
the preferential observation of side views in the electron micro-
scope. We defined a clearly recognizable side view by visibility
of four MBL CRDs and two MASP protease domains as six
nonoverlapping densities in the class averages, in addition to
the root of the MBL collagen helices. Thereby we avoided
comparing class averages that only differ in angular orientation,
which for some orientations can cause an overlap of some of
these landmark densities in 2D projection views. In addition,
the interpretation was facilitated by the V-shaped appearance
of the MBL CRDs. These are connected to the collagen stalks
through a hinge that, in agreement with our rigid body modeling
against SAXS data, is suggested to show a considerable degree
of flexibility. This flexibility was also indicated previously (Jense-
nius et al., 2009; Miller et al., 2012). Thus, depending on the
actual placement with respect to the optical axis, their ‘‘V’’-like
appearance is not visible in some of the domains (Figure 4).
Moreover, this hinge may place some of the MBL CRDs in a
lower apparent position in 2D projection views, which indeed
was visible in some class averages (compare Figure 4B, first
average from the left, and Figure 4C, second average from the2–351, February 3, 2015 ª2015 Elsevier Ltd All rights reserved 345
Figure 4. Single-Particle Electron Microscopy of MBL/MASP Complexes
The class averages represent side views of MBL/MASP complexes, where four MBL CRDs and two MASP protease domains are visible as nonoverlapping
domains. The observed conformations are grouped into three subsets and four representative class averages are shown alongside schematic drawings. The four
sertiform pictograms indicate the position of the MBL CRDs, while the opposing circles on the left and right indicate the MASP protease domains. The observed
root density is indicated by a circle at the top furcation of the four collagen triple helices.
(A) Both MASP protease domains are positioned bending toward the MBL CRDs.
(B) One MASP protease domain is distant to the MBL CRDs while the other domain is bending toward the CRDs.
(C) Both MASP protease domains are distant to the MBL CRDs. See also Figure S5.left). Overall, the four MBL CRDs appear to project on an imag-
inary circle with individual deviations from an ideal circle.
Our EM analysis suggests that the MASP dimer, like MBL,
occurs in different conformations, which places the MASP
protease domains at different distances to the MBL CRDs.
The two CCP1-CCP2-SP moieties within the MASP-1 dimer
appear to be able to move somewhat independently relative
to each other (Figure 4B). In particular, a certain flexibility,
e.g., at the connection between the EGF and the CUB2
domains or between the CUB2 and the CCP1 domains, may
allow the MASP dimer to bend slightly toward the MBL CRDs
(Figure 4A) or slightly away from the MBL CRDs (Figures 4B
and 4C). However, the MASP-1 SP domains are always in an
exposed location compared with the MBL collagen helices.
As symmetry was not imposed during class averaging, in
contrast to SAXS rigid body refinement, our class averages
potentially identify minor deviations from C2 symmetry of the
MASP-1 dimer. Overall, our EM studies are in reasonable
agreement with the architecture of MBL/MASP-1 derived by
rigid body refinement against SAXS data (Figures S5A and
S5B) and clearly show the two MASP-1 SP domains to be
widely separated in an exposed location. Both techniques
display a very open and extended architecture. The nonglobu-
larity is emphasized by the fact that this complex has overall di-
mensions comparable with those of the eukaryotic ribosome
(Figure S5C), despite having a molecular weight an order of
magnitude smaller.346 Structure 23, 342–351, February 3, 2015 ª2015 Elsevier Ltd All rSAXS Measurements and Modeling of the MASP-1
Dimer
To date, only fragments of MASP proteases have been studied
structurally. We conducted SAXS measurements on the
MASP-1 dimer at a series of concentrations to study the
conformation of free MASP-1 (Table S1). The resulting data
set, obtained by extrapolation to zero concentration, gives
rise to a p(r) function with a Dmax of 32 nm (Figures 5A and
5B), while the Guinier plot had a linear slope from 0.054 to
0.151 nm1 (Figure S6A). The Kratky plot showed a main
plateau at s = 2–4 nm1 and indicated that the MASP-1 has
only modest flexibility (Figure S6B). During rigid body
refinement, we imposed C2 symmetry and maintained the
CUB1-EGF dimer interface observed in crystal structures with
distance restraints. We then compared different scenarios for
the pairing of the five input rigid bodies (CUB1-EGF, CUB2,
CCP1, CCP2, SP). Finally, we selected four scenarios based
on the resulting c values and performed six CORAL refine-
ments for each. In the following, except scenario 1, the
CCP1, CCP2, and SP domains are paired. In scenario 1
(Figure S6C) with unpaired rigid bodies, the resulting
conformations were quite diverse, the CRYSOL c values were
higher (average c = 2.74) than for the remaining scenarios,
and the Dmax of the resulting models was around 230 A˚
compared with 330 A˚ for the starting model (c = 7.24). Impor-
tantly, a conformation in which the two SP domains came in
near contact was not observed in this completely unpairedights reserved
Figure 5. An Extended Conformation of the Unbound MASP-1 Dimer Is Supported by SAXS
(A) Indirect Fourier transformation of scattering data extrapolated to zero concentration calculated with GNOM using Dmax = 32 nm.
(B) Corresponding distance distribution function calculated. Data with s < 0.053 nm1 were omitted from the p(r) calculation based on the Guinier plot (Fig-
ure S4A).
(C) CRYSOL fit of the best model (c = 2.17) after rigid body refinement with CORAL.
(D) Comparison of the best model (blue) obtained by pairing CUB2 with CCP1-CCP2-SP during CORAL refinement with starting model (gray), and the best
solution obtained by pairing CUB2 with CUB1-EGF in CORAL (green).
(E) Comparison of the three models from (D) with two frequent conformations (red and orange) of MASP-1 observed upon rigid body refinement of the MBL/
MASP-1 complex.
(F) The best-fitting MASP-1 conformation is reminiscent of that observed in the crystal structure of the C1s CUB1-EGF-CUB2 fragment. See also Figure S6.and unrestrained scenario. Scenario 2 (average c=2.58), with
CUB2 paired to CUB1-EGF, gave rise to models with Dmax of
approximately 257 A˚ with an MASP-1 dimer more curved
than the starting models and with the paired CCP1-CCP2-SP
domain consistently turned upward compared with the plane
of the starting model and in the direction of the symmetry-
related CUB1 domain (Figures 5D and 5E; Figure S6D). In sce-
nario 3, with CUB2 unpaired, the resulting models (average c =
2.54, Dmax = 248 A˚) gave rise to three different conformations
with the CCP1-CCP2-SP above or below the CUB1-EGF plane
or bended 180 backward toward the CUB1 domain (Fig-
ure S6E). The best results were obtained in scenario 4 (Figures
5D and 5E; Figure S6F), with the CUB2 domain paired to
CCP1-CCP2-SP (average c = 2.40, Dmax = 275 A˚), but one of
six solutions was an outlier with the CUB2-CCP1-CCP2-SP
bent backward. The remaining five solutions cluster very tightly
with CUB2-CCP1-CCP2-SP below the plane of the starting
model (average c = 2.31, Dmax = 284 A˚, best model c = 2.17,
Dmax = 286 A˚). Interestingly, in the best-fitting model of
MASP-1, the orientation of the CUB2 domain below the
CUB1-EGF plane resembles that recently observed for C1s
(Venkatraman Girija et al., 2013) (Figure 5F). In conclusion,
both SAXS and EM suggested an extended MASP-1 dimer
whether bound to MBL or free in solution and interaction be-
tween the two SP domains was not observed in any case.Structure 23, 34DISCUSSION
We present structural results on an initiating complex of the
lectin pathway of the complement system, i.e., the complex be-
tween tetrameric MBL and zymogen MASP-1, as well as of an
unbound dimeric MASP protease. SAXS and EM revealed a
similar overall architecture of this complex in which MASP-1
SP domains protrude from the MBL collagen stems, in contrast
to being tucked under the collagen stems as previously sug-
gested (Gingras et al., 2011; Wallis et al., 2010) (Figures 3
and 4). Our structural observations imply that MASP-1 must be
activated by MASP-1 in a neighboring MBL/MASP-1 complex
(Figure 6A) and that the two SP domains in a single MBL-bound
MASP-1 dimer are unlikely to be able to cleave and activate each
other in response to MBL binding to an activator surface (Fig-
ure 6B). Importantly, for autoactivation to occur, zymogen
MASP-1 must have significant activity for zymogen MASP-1
(Megyeri et al., 2013). It is possible that intracomplex activation
can take place between two MASP-1 dimers bound to the
same MBL of higher order than tetrameric (Figure 6C). However,
oligomers larger than tetramers, which may bind more than one
MASP-1 dimer at a time, constitute only aminor fraction of serum
MBL (Degn et al., 2013, 2014). In addition, intracomplex activa-
tion in such higher-order oligomers appears not to be the major
driver of physiological activation (Degn et al., 2014). Higher-order2–351, February 3, 2015 ª2015 Elsevier Ltd All rights reserved 347
Figure 6. Schematic Representation of
Suggested Activation Mechanisms of the
MBL/MASP Complexes
(A and B) Activation of the associated MASP di-
mers within tetrameric MBL could follow two
routes: (A) via intercomplex activation whereby
one protruding MASP monomer can activate an
adjacent MASP monomer in a neighboring MBL/
MASP complex, or (B) via intracomplex activation
whereby one MASP monomer activates the other
MASP monomer of the same MASP dimer within
the sameMBLmolecule. Our observations are not
compatible with this activation mechanism.
(C) In higher oligomers of MBL with room for two
MASP dimers, intracomplex activation might be
possible between the two MASP dimers.oligomeric MBL/MASP complexes possibly only play a signifi-
cant role on surfaces where the more prominent tetramer MBL
binds weakly.
In SAXS, calculated molecular masses based on the
measured sample and standard intensities are normal quality
controls. Using BSA as our standard, we observe significant de-
viations of the calculated molecular mass of our MBL/MASP-1
complex and MASP alone in comparison with the expected
values based on the sequences (Table S1). One explanation for
this is that the globular BSA molecule is probably not an ideal
standard for such collagenous-rich and extended molecules. In
addition, the polydispersity of the MBL in the sample is not
considered. We cannot exclude that the minor fractions of
trimeric and pentameric MBL that are present can entail a larger
calculated mass.
The possible trimeric and pentameric MBL complexes are not
accounted for in our SAXS modeling, as we only consider a
tetramer. They may have different MASP affinities than tetra-
mericMBL andmay form different types ofMASP-1-bound com-
plexes. Nevertheless, modeling only the tetrameric complex has
the advantage of minimizing the number of parameters during
refinement and reduces computational complexity, which is sub-
stantial for this intricate system. Our tetrameric MBL preparation
is not perfect for structural studies due to impurities of trimers
and pentamers, but presently there is no better alternative
even if the ficolins, CL-L1, and CL-K1, also acting as MASP-
binding PRMs, are considered. Further complications for high-
resolution structural studies are the pronounced nonglobular348 Structure 23, 342–351, February 3, 2015 ª2015 Elsevier Ltd All rights reservedarchitecture and flexibility within the com-
plex. Due to the resolution of the tech-
niques utilized here, we cannot provide
the finer details of the MBL/MASP-1
complex. As seen from the various
CORAL run endpoints (Figures S2 and
S3), the CCP1-CCP2 and SP domain of
MASP and CRDs of MBL may attain
various orientations and such flexibility
is also indicated by the EM analysis (Fig-
ure 4). In addition, as is evident from EM,
the flexibility around the CUB2-CCP1, the
CCP2-SP, and the collagen-CRD inter-
face appears to perturb the symmetry ofboth MBL and MASP-1 within the complex. Such asymmetry is
lost during the SAXS rigid body refinement due to the application
of C2 symmetry.
Some flexibility within the CCP1-CCP2-SP domains of MASP
proteases is in agreement with crystal structures containing
these domains (Kidmose et al., 2012; Yongqing et al., 2013).
Moreover, by atomic force microscopy and SAXS studies on
MBL, the link between the collagen stalk and the CRD also
seems to be flexible, with the flexibility presumably provided
by the a-helical neck region (Jensenius et al., 2009; Miller
et al., 2012). The N-terminal region of MBL modeled from the
SAXS data arranges into a somewhat elongated but compact
structure, spanning 40–50 A˚. Hereby the MBL/MASP-1 interface
is located roughly in the middle of the MBL tetramer. In the EM
class averages, a compact structure at the root of the collagen
stem is not always evident. Possibly, the N-terminal regions of
the MBL assemble into a different structure than suggested by
our SAXS modeling. In a previous SAXS study of rat MBL not
bound to an MASP, the N terminal was modeled as an extended
b strand (Miller et al., 2012) resulting in a quite elongated struc-
ture, whereas in atomic force microscopy of human MBL it
seems to form a more compact structure (Jensenius et al.,
2009). Higher-resolution studies are required to clarify the struc-
ture of the N-terminal region of MBL.
The exact angle between the MASP dimer and the rigid
collagen stalks is difficult to evaluate. In cocrystallization studies
on anMBL collagen-like peptide together with the CUB2 domain
of MASP-1 (Gingras et al., 2011) or the CUB1 domain of C1s
(Venkatraman Girija et al., 2013), the lysine corresponding to
lysine 75 of MBL interacts with the Ca2+-coordinating residues
of the CUB domains, which represents a general feature of
Ca2+-mediated CUB interaction with a basic side chain (Ander-
sen et al., 2010). However, if simply modeled by elongation
from these small collagen stems, the MBL collagen stalks
would cross prior to the N-terminal cysteine-containing region.
Such a crossover is less likely and could be compensated
for by a minor kink in the collagen stalk (Figure S4), as observed
previously in some of the polypeptide chains of free MBL
(Jensenius et al., 2009). However, the interruption of a Gly-X-Y
repeat in the MBL collagen triple helix does not unambiguously
mean that a kink or bend will occur (Bella et al., 2006) and after
correcting the Gly-X-Y repeat by mutagenesis, MBL still acti-
vates complement similarly to the wild-type molecule (Kurata
et al., 1993). Another possibility is that flexibility between the
CUB1-EGF-CUB2 domains is coupled with temporary variations
in the orientation of the MBL collagen stalks. As the interface
between the two MASP monomers is dependent on the
CUB1-EGF domains, flexibility is more likely at the EGF-CUB2
junction, agreeing with the small domain interface and proteo-
lytic susceptibility (Feinberg et al., 2003; Teillet et al., 2008;Wallis
and Dodd, 2000).
Overall, our structural studies with two complementary
techniques reveal that MBL in complex with dimeric MASP
adopts a quite well-defined cone-like structure, in contrast to
what has been observed for free MBL (Lu et al., 1990; Miller
et al., 2012). Flexibility present at the collagen-CRD hinge in
MBL and possible further flexibility upstream at the putative
collagen kink, together with possible flexibility in the EGF-
CUB2 junction of MASP, would permit MBL to accommodate
spatially diverse ligand patterns. Importantly, our results unam-
biguously show that the MASP-1 SP domains are exposed and
not shielded by MBL in the fluid-phase nonactivated MBL/
MASP-1 complex. Although unlikely, we cannot exclude that
a complex between dimeric MASP-2 and tetrameric MBL
might look significantly different. The option also remains
open that, in complex with other PRMs of the lectin pathway,
the SP domains of nonactivated MASP proteases might be
inaccessible in a closed conformation of the complex. How-
ever, given the high structural similarities seen between
MASPs and the functional and structural properties of the
PRMs, an open conformation of all the lectin pathway initiator
complexes appears plausible. This complements the find-
ings of Degn et al. (2014) indicating that the main role of the
lectin pathway PRMs is to concentrate and orient associated
MASPs to allow for an intercomplex mode of zymogen activa-
tion and subsequent activation of C4- and C4b-bound C2
cleavage.
In conclusion, the following picture emerges. Tetrameric MBL
may circulate in complex with one MASP dimer protruding
roughly perpendicular from the primary axis of MBL. On a
suitable ligand surface, the MASP-1 in one complex will acti-
vate MASP-2 in a nearby bound MBL-MASP-2 complex.
Insights into the structure of the initiating complex of the lectin
pathway will advance our understanding of the system at a
level that will allow for the development of efficient compounds
that might ultimately improve the treatment of inflammatory
diseases.Structure 23, 34EXPERIMENTAL PROCEDURES
Proteins
The preparation ofMBL,MASP-1, and theMBL/MASP-1 complex is described
in detail in the Supplemental Information.
SAXS Data Collection and Analysis
SAXS experiments were carried out on the PETRA P12 beamline at DESY
(EMBL, Hamburg, Germany) (Franke et al., 2012). The details of the experi-
mental setup, data processing, and analysis procedures are summarized in
Table S1. MBL/MASP-1 complexes concentrated to 3.31 and 2.25 mg ml1
were analyzed, as well as 2-fold dilutions of these down to 0.41 and
0.28 mg ml1, respectively. The intensity is presented as a function of the
magnitude of the modulus of the scattering vector s= 4p sin q=l, where l is
the wavelength and 2q is the scattering angle. The data were recorded on an
arbitrary relative scale and the scattering from a freshly prepared BSA sample
was used for deriving estimates of the molecular mass of the complexes.
Primary data analysis (using PRIMUS v. 3.1) as well as additional modeling
was done using programs from the ATSAS software package (Petoukhov
et al., 2012) unless otherwise noted. For MBL/MASP-1, ALMERGE was used
to merge the 0.56 mg ml1 data set (low-s region: data points 1–203) with
the 3.31 mg ml1 data set (high-s region: data points 204–1682). For the
MASP-1 dimer alone, data were collected from samples at concentrations of
0.87, 1.53, 1.75, and 3.49 mg ml1. The data were extrapolated to zero con-
centration as described in Shipovskov et al. (2012). The maximum diameter
Dmax of the complexes was estimated from the distance distribution function
p(r) obtained by the program GNOM. The AUTORG option in PRIMUS was
used to determine the linear region of the Guinier plot and obtain the radius
of gyration Rg. Graphs were made with GraphPad Prism v. 5.0 software
(GraphPad Software).
Starting Models for MBL/MASP-1 and MASP-1
The starting model 1 for the MBL/MASP-1 complex was constructed as previ-
ously described in detail (Kjaer et al., 2013), with minor modifications: (1) for
MBL the N terminal of the neck region a helix was extended by ten a-helical
residues to account for these missing residues in our prior model (Kjaer
et al., 2013); (2) the resulting a-helical neck region of the CRD was placed par-
allel to the direction of the collagen stem. In the closed starting model 2 of the
complex, bends were introduced in starting model 1 at the MASP-1 CUB2-
CCP1 and CCP2-SP junctions such that the SP domains of the MASP-1 dimer
came into direct contact. Finally, in starting model 3, the direction of the
collagen stems was changed to resemble that observed in the structure of
the MASP-1 CUB2 domain bound to an MBL collagen-mimicking triple helix
(Gingras et al., 2011) and the C1s CUB1 domain bound to the same MBL
collagen-mimicking triple helix (VenkatramanGirija et al., 2013). Subsequently,
the N-terminal region of the collagen stems (see below) was tilted to prevent
crossover. The starting model for the unbound MASP-1 dimer was extracted
from starting model 1.
Rigid Body Refinement of the MBL/MASP-1 Complex and the
MASP-1 Dimer against SAXS Data
The three starting models of MBL/MASP-1 were subjected to rigid body
modeling in CORAL using data with s < 2.5 nm1. The Guinier plot revealed un-
certainty in the background subtraction at the lowest s values, so the first six
data points (s < 4.33 102 nm1) were omitted during rigid body modeling. To
reduce the number of degrees of freedom, C2 symmetry was imposed during
rigid body refinement. The C2 symmetry axis of the starting models was
aligned to the z axis using ALPRAXIN. Each MBL subunit was divided into
five rigid bodies: (1) the N-terminal residues 21–41 of unknown structure
were modeled using the NTER option in CORAL; (2) residues 42–64 in the
collagen stem located prior to the putative kink at the abortive eighth Gly-
Xaa-Yaa repeat, with residues 63–64 being Gly-Xaa; (3) the collagen stem
residues 65–81 involved in CUB1 and CUB2 interaction; (4) the collagen
stem residues 82–98; (5) the CRD segment (residues 99–248) including
the a-helical neck region. In the first and third starting model, MASP-1 was
divided into two rigid bodies: (1) the CUB1-EGF-CUB2 segment (residues
22–300) and (2) the CCP1-CCP2-SP segment (residues 301–669). In the
second (closed) model, MASP-1 was divided into three rigid bodies: (1) the2–351, February 3, 2015 ª2015 Elsevier Ltd All rights reserved 349
CUB1-EGF-CUB2 segment (residues 22–300), (2) the CCP1-CCP2 segment
(residues 301–435), and (3) the SP domain segment (residue 436–669). The
separation was required for rigid body refinement, but also promoted a
reasonable hydration shell within CRYSOL of the rather elongated collagen
stems in MBL. During rigid body refinement in CORAL using MBL/MASP-1
starting models 1 and 2 as input, the MASP-1 CUB1-EGF-CUB2 was fixed
together with the MBL collagen stem. MASP-1 was held together by linking
the CUB1-EGF-CUB2 segment with the CCP1-CCP2-SP or CCP1-CCP2
segment and by linking the CCP1-CCP2 segment with the SP domain
segment. For starting model 3, MASP-1 was linked and fixed to MBL as above
but with the N-terminal part of the MBL collagen stalk (residues 42–64) free
but restrained to (1) the corresponding C-terminal fragment of the same
collagen stem and (2) the N terminals of the neighboring collagen stems to
prevent collagen crossover. In all models, the neck region of the trimeric
CRDs was restrained to the C-terminal MBL collagen stems segment. Hereby,
flexibility was present for starting models 1, 2, and 3 at the MASP-1 CUB2-
CCP1 junction, and for starting model 2 (closed) also at the CCP2-SP junction.
In addition, flexibility was present at the MBL collagen-CRD junction for all
the starting models. For rigid body refinement of MASP-1 with CORAL, the
starting model was divided into the following rigid bodies: (1) the CUB1-EGF
domains (residues 22–181); (2) the CUB2 domain (residues 182–298); (3) the
CCP1 domain (residues 299–365); (4) the CCP2 domain (residues 366–435);
(5) the SP domain segment (residues 436–669). C2 symmetry was imposed
during rigid body refinement, and a set of distance restraints were defined
from the starting model to maintain the domain interface observed in
crystal structures of MASP-1 and MAp44 of the CUB1-EGF domains with
their symmetry-related domains. SAXS data with s < 2.5 nm1 were used
but with data points at s < 5.33 102 nm1 omitted. The final atomic structures
from CORAL were compared with the experimental scattering data using
CRYSOL.
Single-Particle Electron Microscopy of MBL/MASP-1 Complexes
Seventy-five microliters of MBL/MASP-1 complex were loaded on a 10%–
30% sucrose gradient in a buffer containing 10 mM HEPES (pH 7.4),
100 mM NaCl, and 1 mM CaCl2, and centrifuged in a TH660 rotor (Thermo)
at 37,000 rpm for 17 hr at 4C. The gradient was fractionated from the bottom
in 200 ml fractions using a peristaltic pump. Fractions were analyzed by SDS-
PAGE followed by silver staining. For EM, protein-coated grids were prepared
from peak gradient fractions according to the sandwich negative staining pro-
tocol (Golas et al., 2010), and stored and imaged at room temperature. Images
were taken in an F12 electron microscope (FEI) equipped with a Multiscan 794
CCD camera (Gatan) at a magnification of 74,3003 and a defocus of 0.4–
1.5 mm (pixel size 3.2 A˚/pixel). Class averages were determined by multiple
rounds of reference-free (Dube et al., 1993) multireference alignment (Sander
et al., 2003a) followed by multivariate statistical analysis and agglomerative
hierarchical clustering, as well as k-means clustering using the software R
(version 3.0.1; http://www.R-project.org). A first data set comprising 2,628 in-
dividual particle images allowed determining initial class averages that showed
the arrangement of the MBL CRDs, but showed weak signal in the presumed
MASP density. We thus recorded a larger data set comprising 22,926 particles
for refinement of the class averages. Before the final iterations, this data set
was defocus corrected (Sander et al., 2003b), and 11,021 particles with a
defocus of maximum 1 mm were included in the calculations. On average,
the class averages contained 25 images per class.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.str.2014.10.024.
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